Conjugative type IV secretion systems (T4SSs) are multi-protein complexes in Gram-negative and Gram-positive (G+) bacteria, responsible for spreading antibiotic resistances and virulence factors among different species. Compared to Gramnegative bacteria, which establish close contacts for conjugative transfer via sex pili, G+ T4SSs are suggested to employ surface adhesins instead. One example is pCF10, an enterococcal conjugative sexpheromone responsive plasmid with a narrow host range, thus disseminating genetic information only among closely related species. This MicroCommentary is dedicated to the crystal structure of the pCF10-encoded adhesion domain of PrgB presented by Schmitt et al. The authors show in their work that this adhesion domain is responsible for biofilm formation, tight binding and condensation of extracellular DNA (eDNA) and conjugative transfer of pCF10. A sophisticated two-step mechanism for highly efficient conjugative transfer is postulated, including the formation of PrgB-mediated longrange intercellular contacts by binding and establishment of shorter-range contacts via condensation of eDNA. PrgB binding to lipoteichoic acid on the recipient cell surface stabilizes junctions between the mating partners. The major findings by Schmitt et al. will be brought into a broader context and potential medical applications targeting eDNA as essential component in biofilm formation and conjugation will be discussed.
Summary
Conjugative type IV secretion systems (T4SSs) are multi-protein complexes in Gram-negative and Gram-positive (G+) bacteria, responsible for spreading antibiotic resistances and virulence factors among different species. Compared to Gramnegative bacteria, which establish close contacts for conjugative transfer via sex pili, G+ T4SSs are suggested to employ surface adhesins instead. One example is pCF10, an enterococcal conjugative sexpheromone responsive plasmid with a narrow host range, thus disseminating genetic information only among closely related species. This MicroCommentary is dedicated to the crystal structure of the pCF10-encoded adhesion domain of PrgB presented by Schmitt et al. The authors show in their work that this adhesion domain is responsible for biofilm formation, tight binding and condensation of extracellular DNA (eDNA) and conjugative transfer of pCF10. A sophisticated two-step mechanism for highly efficient conjugative transfer is postulated, including the formation of PrgB-mediated longrange intercellular contacts by binding and establishment of shorter-range contacts via condensation of eDNA. PrgB binding to lipoteichoic acid on the recipient cell surface stabilizes junctions between the mating partners. The major findings by Schmitt et al. will be brought into a broader context and potential medical applications targeting eDNA as essential component in biofilm formation and conjugation will be discussed.
Well-known adhesins, conserved in G+ bacteria, are the serine-rich repeat glycoproteins (SRRPs) (Sanchez et al., 2010; Lizcano et al., 2012) , which are crucial for biofilm formation and bacteria-host interactions (Zhu et al., 2016) . The best-characterized SRRPs are from streptococcal species, such as from S. salivarius, a commensal of the human gastrointestinal tract, which expresses three large glycosylated surface exposed proteins, SrpA, SrpB and SrpC. These proteins were demonstrated to be very important for the adhesion process, thus playing a major role in host colonization (Couvigny et al., 2017) . While less is known about plasmid-encoded adhesins from G+ bacteria, PrgA, PrgB and PrgC from pCF10 and Asa1 from pAD1, both from E. faecalis sex-pheromone responsive plasmids (Muscholl-Silberhorn, 1998; Süssmuth et al., 2000; Rozdzinski et al., 2001; Dunny, 2007; Bhatty et al., 2015; Dunny and Berntsson, 2016; Bhatty et al., 2017) definitely rank among the best-characterized key players in cellular adhesion and aggregation processes.
PrgB and eDNA, but not PrgA or PrgC, were shown to be required for cellular aggregation and conjugative transfer of pCF10 at wild-type frequencies. eDNA, PrgA and PrgB were necessary for extensive binding of enterococci to abiotic surfaces and development of robust biofilms (Bhatty et al., 2015) . Further, PrgB was demonstrated to significantly contribute to bacterial virulence (Chuang et al., 2009) . Based on profound analysis of the high-quality crystal structure and the interplay between PrgB and its ligands, Schmitt et al. propose a sophisticated mechanism how G+ bacteria facilitate direct cell-to-cell contact without the aid of sex pili (Fig. 1) . The molecular details governing these processes will be highlighted in the following sections. The presence of eDNA within bacterial populations and in biofilms underlies several release mechanisms, including directed liberation but can also be caused by overproduction of PrgB from a subpopulation of pheromone-induced cells. The elevated PrgB protein load was demonstrated to lead to toxicity and subsequent cell lysis (Bhatty et al., 2017) . eDNA as an integral component of the surrounding extracellular matrix is then bound by PrgB from pCF10-positive donor cells. Schmitt et al. predict a PrgB-mediated histone-like DNA condensation mechanism that results in densifying the biofilm, ultimately eventuating in close contact between donor and potential recipient cell. The direct cell-to-cell contact is then further stabilized by PrgB-binding to lipoteichoic acid (LTA) present on the recipient and highly efficient conjugative transfer can proceed (Schmitt et al., 2018) .
PrgB consists of a signal sequence, targeting the protein to the cell's exterior, followed by an adhesion domain. This domain is responsible for the aggregation behavior of E. faecalis but also for binding of potential recipients, thus stimulating the formation of mating junctions (Olmsted et al., 1991) . The LPXTG motif at the C-terminus, characteristic for G+ surface proteins (Navarre and Schneewind, 1999) , anchors PrgB to the cell wall. Further, two domains comprising typical Arg-Gly-Asp (RGD) motifs are present. Interestingly, strains encoding PrgB variants with glycine exchanged for alanine in both RGD motifs were shown to be significantly less virulent (Chuang et al., 2009) . These motifs are frequently found in proteins of the extracellular matrix of biofilms and were shown to bind to integrins of the host cell (Ruoslahti, 1996) .
Combining results obtained from modelling experiments and crystal structure analysis, it is proposed that PrgB most likely shows an overall head-stalk architecture. This stalk separates the globular variable head (V-domain) from the C-terminal region and is proposed to project the V-domain away from the cell surface (Larson et al., 2011; Rego et al., 2016) . By structural modelling, Schmitt et al. could demonstrate that the C-proximal PrgB part resembles the corresponding regions of streptococcal proteins SpaP and SspB (AgI/II antigen family) (Brady et al., 2010; Schmitt et al., 2018) . AgI/II proteins are cell wall-anchored adhesins, expressed by most oral streptococci, but are also found in other group A and group B streptococci. They interact with a wide range of host molecules, preferably with salivary glycoproteins and specifically with the immobilized salivary agglutinin gp-340 (Jakubovics et al., 2005) .
The crystal structure of the adhesion domain of PrgB presented by Schmitt et al. reveals a lectin-like fold and shows a high structural similarity to the V-domains of SpaP and SspB (Brady et al., 2010; Schmitt et al., 2018) , even though the respective sequence identities are relatively low (23% and 26% respectively). The 1.6 Å structure of the PrgB adhesion domain has a ß-sandwich at its core and a three-helix bundle packed against its side. Additional insertions between two ß-strands form a lobe that together with the three-helix bundle builds a deep and highly negatively charged cleft (Schmitt et al., 2018) . The crystal structure of the V-domain of SpaP led to the hypothesis that the negatively charged, lectin-like trench displayed a putative preformed carbohydrate binding site (Troffer-Charlier et al., 2002) . Interestingly, while other AgI/II V-domains were demonstrated to bind carbohydrates, this was not shown for PrgB (Schmitt et al., 2018) . As SspB also does not seem to bind carbohydrates (Forsgren et al., 2009) , it is suggested that carbohydrate binding might not be the base for a universal attachment mechanism. Both SspB and SpaP crystal structures display a metal binding site inside the cleft, composed of serine, asparagine and glutamic acid. Calcium might be bound by these three residues, thus stabilizing the binding pocket (Troffer-Charlier et al., 2002; Forsgren et al., 2009) . As these three residues are conserved in PrgB, it can be hypothesized that, even though no cation was reported at this distinct site in the crystal structure of the adhesion domain (Schmitt et al., 2018) , calcium might indeed play a role in stabilizing the structure of PrgB. The PrgB adhesion domain also reveals a large accumulation of positive surface charges on the opposite side of the binding pocket. The charges are due to numerous arginines and lysines, whose sidechains protrude from the surface and are proposed to mediate the unspecific DNA binding activity of the PrgB adhesion domain. The nature of the unspecific interaction was further substantiated by the 1.9 Å crystal structure of PrgB in complex with a 10 bp DNA fragment (Schmitt et al., 2018) . Further, using nanofluidic channels (Frykholm et al., 2016 ) the authors could show condensation of DNA by PrgB in vitro. This capacity of DNA binding and condensation is proposed to be essential for PrgB function in vivo, as the adhesion domain most likely exhibits aggregation properties by electrostatic binding of eDNA and facilitates direct cell-to-cell contacts. Additionally, the authors provide experimental evidence that LTA competitively interferes with DNA binding in vivo, hence binding of the same positively charged surface residues on the PrgB adhesion domain by LTA and DNA is suggested (Schmitt et al., 2018) .
Similar to the PrgB adhesion domain, the SspB V-domain surface is mostly polar and positively charged (Forsgren et al., 2009) , thus composed of residues normally not in favour of carbohydrate binding but indeed capable of interacting with DNA. To that end, it can be speculated that binding of eDNA might be a common mechanism for PrgB-related adhesins. Several studies already suggested that the significance of eDNA for biofilm formation, bacterial adhesion and cellular aggregation might be more pronounced than previously thought (Das et al., 2010; Abee et al., 2011; Das et al., 2014; Bhatty et al., 2015) and intriguingly, in the case of SspB, eDNA was found to be cell-associated (Vilain et al., 2009) , pointing towards a similar mode of action as proposed for PrgB. Until now, the mechanism how eDNA might support adhesion was thought to solely depend on electrostatic or acid-based interaction (Tang et al., 2013) .
Schmitt et al. predict more specific mode of eDNA binding in the adhesion process of mating cells. By demonstrating that LTA not only competitively interferes with PrgB for DNA binding in vitro but also inhibits PrgBmediated clumping in vivo, they propose that LTA and eDNA interact with the same positively charged surface residues on the PrgB adhesion domain. Not only the high-quality crystal structure of the PrgB adhesion domain but also the fundamental characterization of its function and elucidation of a novel mechanism of eDNA binding and condensation definitely contribute to a better understanding of G+ stabilization mechanisms of mating pairs.
Conclusions and perspectives
The research groups of Berntsson and Christie provide comprehensive biochemical, structural and genetic data on PrgB, the adhesin encoded by the sex-pheromone responsive conjugative plasmid pCF10 from E. faecalis. The authors present an elaborate model on how PrgB could interact in a two-step process, first with eDNA and then with LTA to substitute for the lack of sex pili in G+ T4SSs. The mechanism was proposed to establish and stabilize the contact between donor and recipient, thereby enabling highly efficient plasmid transfer (Schmitt et al., 2018) , which is a characteristic feature of sex-pheromone responsive plasmids (Dunny, 2013) . It will be interesting to explore if mechanisms similar to the proposed PrgB-mediated eDNA binding and condensation also exist in other G+ conjugative plasmids encoding their own adhesins, such as the broad-host-range Inc18 group plasmids (Palmer et al., 2010; Goessweiner-Mohr et al., 2014) . The primordial role of eDNA in establishing the contact between donor and recipient cell prior to plasmid transfer (Bhatty et al., 2015) and its well-known function in biofilm formation (Vilain et al., 2009; Tang et al., 2013) suggest it as a promising target to control biofilms and conjugative dissemination of antibiotic resistances and virulence factors. Options would include addition of DNase or inhibition of eDNA interaction with other matrix components (Okshevsky et al., 2015) or application of Quorum Sensing inhibitors which significantly reduced the amount of eDNA in S. aureus biofilms (Brackman et al., 2016) , thus loosening the biofilm meshwork and consequently reducing plasmid transfer.
